Conventional ratcheting tools do not work efficiently in confined spaces and they have other limitations when used in space during extravehicular activity (EVA). The National Aeronautics and Space Administration's (NASA) Goddard Space Flight Center has developed a threedimensional (3-D) sprag/roller technology that has many benefits over the ratchet mechanism. The Space Systems Laboratory at the University of Maryland is using this technology in the development of EVA tools. The research discussed here describes the testing of an EVA roller wrench aboard NASA's Reduced-Gravity Flying Laboratory (the KC-135), evaluation by astronauts in NASA/Johnson Space Center's Neutral Buoyancy Laboratory, and the flight of a 3-D roller mechanism on Space Shuttle Mission STS-95.
INTRODUCTION
The mission of the University of Maryland's Space Systems Laboratory (SSL) is to investigate ways to make humans more productive in space. This paper discusses a current research project attempting to make extravehicular activity (EVA) tools more efficient by replacing the ratchet in a traditional EVA wrench with an innovative embodiment of a one-way sprag/roller clutch. The resulting wrench has an ability to operate down to arbitrarily short backthrows; low backdrive torque; the ability to apply torque in the tighten, loosen, or to lock out all motion and transmit torque in both directions; no lubrication requirement, which extends its on-orbit lifetime; and a lower perceived mental workload when using the wrench.
An EVA wrench, using 3-D rollers in place of the traditional ratchet mechanism, was comparatively tested with existing EVA ratchet wrenches in two Earth-based simulations of the weightlessness of space -the Reduced Gravity Flying Laboratory (a.k.a. the KC-135) and the Neutral Buoyancy Laboratory (NBL). In addition, the 3-D roller mechanism was test flown aboard STS-95 to evaluate its performance in an extended weightless environment. All three tests are discussed.
THREE-DIMENSIONAL ROLLERS
Overrunning clutches are used in rotating mechanical systems when torque must be transmitted in one direction only or when the driven member is to be permitted to "overrun" the driver. Sprag and roller clutches are two types of overrunning clutches that automatically engage to transmit torque by relative rotation in one direction and automatically disengage for overrunning by relative motion in the other direction.
Traditional two-dimensional (2-D) sprag clutches, shown in Figure 1 , have a cylindrical outer and inner race and a series of specially contoured and processed sprags installed in the annular space between the concentric races. One direction of relative rotation between the races causes the sprags to rotate so that the longest diagonal is in contact with the two races. The length of this diagonal is greater than the annular distance between the races, so the sprags are wedged between the races, providing a solid connection for the transmission of torque. Relative rotation between the races in the opposite direction causes the sprags to rotate so that the shortest diagonal is in contact with the two races. Its effective length is such that the clutch is disengaged and free to overrun. Figure 3 , have one race that provides a cylindrical race surface and a second race that has a series of wedge-shaped friction surfaces spaced about its circumference. The rollers are installed between these concentric races at the wedge-shaped friction surfaces. Engagement and disengagement are determined by the direction of relative rotation. Relative rotation in one direction causes the rollers to roll up the wedge surface, engaging the clutch, wedging the rollers between the races, and providing a solid link for the transmission of torque. Rotation in the other direction causes the roller to roll down the wedge surface, disengaging the clutch for overrunning.
2-D roller clutches, as shown in
The National Aeronautics and Space Administration's (NASA) Goddard Space Flight Center (GSFC) was having problems with the traditional 2-D sprags while using them in the joint brakes for robots. They were attempting to use sprags with large contact angles to increase the frictional holding force, but the sprags kept slipping. In addition, lubricants required to get the 2-D sprags to unlock were off-gassing in a vacuum environment. 1 The solution was to replace the concentric, cylindrical surfaces of the inner and outer races with grooves, into which the tapered periphery of a 3-D sprag 2 fits, as shown in Figure 4 . During the development of sprag prototypes, the idea evolved to replace the traditional ratchet mechanism used extensively in a number of industries with 3-D sprags and rollers. 3 
EXTRAVEHICULAR ACTIVITY WRENCHES

EVA RATCHET WRENCH
The EVA Ratchet Wrench (also referred to as the Essex wrench), shown in Figure 5 , has been used on Space Shuttle missions for close to 20 years. It is a 3/8"-drive ratchet that allows full 360° ratcheting in either direction with a lever for selecting the direction. Because of the spacing of the teeth, a motion of 15° in the backward direction is required to engage the next tooth. The wrench has a Palm Wheel that is turned by hand when backdriving is insufficient to operate the ratchet or when overtorquing needs to be avoided. The rated torque load for the wrench is 70 ft-lbf with a specification of a maximum of 7 in-oz of backdrive torque. 
ISS RATCHET WRENCH
With the demands of International Space Stations (ISS) construction and maintenance missions, NASA has redesigned the EVA Ratchet Wrench and developed the ISS Ratchet Wrench shown in Figure 6 . The 3/8''-drive ISS Ratchet Wrench is a high-torque wrench with a bi-directional knob to control the ratcheting direction. The ratchet has a detachable palm wheel that incorporates a locking 1/4'' square drive that is released by depressing a recessed button on the palm wheel. There are more teeth on the ISS Ratchet Wrench as compared with the EVA Ratchet Wrench so only a 5°m otion in the backward direction is required to engage the next tooth. The maximum torque limit on the wrench is 120 ft-lbf and a maximum of 7 in-oz of backdrive torque. Rotation in the other direction causes the roller to roll down the wedge surface, disengaging the clutch for overrunning. This action allows the wrench to apply torque in one direction and free spin in the other. Moving the pins clockwise so that they engage neither roller will lock both sets of rollers, causing the wrench to become a rigid bar, allowing it to apply torque in both directions. Rotating the pins further clockwise will cause previously engaged rollers to disengage and previously disengaged rollers to engage, allowing the wrench to apply torque in the opposite direction as before. These three positions are illustrated in Figures 9 through 11 .
Such an EVA roller wrench has the following four distinct advantages over traditional EVA ratchet wrenches: (1) ability to operate down to arbitrarily short backthrow; (2) low backdrive torque; (3) the ability to apply torque in the tighten, loosen, or to lock out all motion and transmit torque in both directions; and (4) a lower perceived Having an EVA wrench with a low backdrive torque, or the torque transmitted by the wrench in the free-spin, or nonratcheting, direction, is desirable. There have been instances during EVAs that the backdrive torque of the wrench was so great that it actually caused a bolt to be loosened when the astronaut was trying to tighten it. 5 In addition, the EVA wrench utilizing 3-D rollers potentially has a longer on-orbit life than existing EVA ratchet wrenches. This is because it does not require lubricants to operate. The current plan for EVA ratchet wrenches that are part of the ISS is to bring them back to Earth every three to five years to perform functional tests of the ratchet mechanism for fear that the lubricants may no longer be good.
Because it costs approximately $10,000 a pound to fly payloads on the Shuttle, having a wrench on-orbit that does not require frequent inspection is financially and logistically sensible. Failure tests to measure maximum torque of the wrench are planned but not yet completed, but theoretical models have shown a maximum torque over one and a half that of the ISS ratchet wrench, or 275 ft-lbf.
REDUCED-GRAVITY FLYING LABORATORY (a.k.a. the KC-135) EVALUATIONS
REDUCED-GRAVITY SIMULATIONS
The Reduced-Gravity Program was started in 1958 to investigate the reactions of hardware and humans when operating in a weightless environment. The reducedgravity environment is obtained with a specially modified KC-135A turbojet aircraft (a.k.a, the "Vomit Comet") that flies parabolic arcs to produce weightless periods of 20-25 seconds. Unlike the neutral buoyancy simulations mentioned next, reduced-gravity simulations provide a true 3-D "weightless" environment. The objective of the experiment was to subjectively evaluate the perceived mental workload associated with using the EVA Roller Wrench and the EVA Ratchet Wrench to perform a task in the weightless environment of the KC-135. The data were collected during two flights -one on April 1 and one on April 2, 1998. The Reduced-Gravity Student Flight Opportunities Program allowed two experimenters to fly each day and a journalist to fly once with the group.
THE KC-135 ENVIRONMENT
After take off, the plane leveled off at 25,000 feet, where it began to fly a parabolic flight plan. The aircraft began with a high-angle climb, during which 1.8 g's were experienced. After climbing, the aircraft nosed over, and it is at this point that 20-25 seconds of weightlessness was experienced. The aircraft then nosed down and once again 1.8 g's were experienced on pullout. There were 40 parabolas per flight, and all testing was performed during the 20-25 seconds of weightlessness. The test fixture, shown in Figure 13 , was mounted in the rear of the aircraft on the starboard side. Testing was performed using two different wrenchesthe EVA Roller Wrench and the NASA EVA Ratchet Wrench. The test subject had his or her feet constrained at the base of the test fixture to emulate an astronaut performing an EVA task with a hand-held tool.
TASKS
The prototype EVA roller wrench was constructed to perform loosening tasks only; therefore, all evaluations were loosening tasks.
Task 1: Confined Work Site Range of Motion
The goal of the first task was to attempt to remove a double-height 7/16" hex head bolt while the range of motion of the wrench was constrained by pegs spaced at 15°, 30°, and 45° increments. The task began as soon as a weightless environment had been established. The test subject would rise to the fixture and mate the wrench with the bolt. Once the wrench was mated with the bolt and the handle was properly inserted between the constraint pins, the test subject began to loosen the bolt. The test subject continued loosening the bolt until the weightless period ended.
Task 2: Removable Power Contro l Module Removal
The second task was a simulated EVA task planned for the ISS -the removal of a Removable Power Control Module (RPCM) from its fixture.
Again, once a weightless environment had been established, the test subject rose up to the test fixture and began to loosen a 7/16" bolt at the base of the RPCM. While the test subject was loosening the RPCM, the test conductor used a small power drill with a socket extension to tighten the bolt from the range-of-motion test performed on the previous parabola.
Task 3: Backdrive Torque
The third task was a comparison of the backdrive torque of both wrenches. At the beginning of the weightless period, the test subject rose up and mated the wrench with the torque sensor. The subject then turned the wrench clockwise, measuring the torque necessary to move the wrench in the free-spin, or "non-ratcheting", direction. A computer mounted at the bottom of the test fixture collected the data from the sensor. The test subject detached the wrench from the sensor when the weightless period ended. Unfortunately, the torque sensor was used for the Space Shuttle flight discussed later and a calibration was never run on the torque sensor after the KC-135 flight, so no torque data are reported.
TEST PLAN Table 1 details the test plan for the flight. After attempting each task, the test subject used the period between parabolas to evaluate the perceived mental workload associated with the task by using a modified Cooper-Harper rating. 7 Once the test subject had selected the appropriate rating, he or she informed the test conductor, standing to the side of the test fixture, who recorded the information in the test notebook. Figure 14 shows a test in progress. In this picture, the test subject (left) loosens the RPCM bolt while the test conductor (right) tightens the range-of-motion bolt using a power hand drill for the upcoming task. As expected, the 15° range-of-motion test was the most mentally fatiguing of all the tasks. The NASA EVA Ratchet Wrench is such that at least a 15° backward movement is required to engage the next tooth, making it exceedingly challenging to perform this task with the wrench. On the first day of the test, it was difficult to determine small rotations of the bolt, so both test subjects gave both wrenches a "10" rating. A mark on the bolt was added as a way to indicate that the bolt was turning for the second day of evaluations, and only those data are presented in Figure 15 . The EVA Roller Wrench made the task less challenging than attempting it with the EVA Ratchet Wrench. For the 30° range-of-motion test, the NASA EVA Ratchet Wrench required a greater mental effort than the Roller Wrench as shown in Figure 16 . This is attributed to the teeth spacing in the NASA EVA Ratchet Wrench. Through the 30° of throw, the NASA EVA Ratchet Wrench would engage at least one, but never more than two teeth, leaving a portion of the throw with no effect. The Roller Wrench, which has no teeth, used 100% of this range-of-throw to perform the task and therefore required less mental workload. The The data shown in Figure 18 for the mental workload associated with the RPCM removal illustrates that the Roller Wrench again required less mental effort than the EVA Ratchet Wrench. However, because the range of motion of the wrench was not confined for this task, the difference in mental workload between the two wrenches is not as great as the 15° and 30° range of motion evaluations as would be expected. 
NEUTRAL BUOYANCY LABORATORY EVALUATIONS
NEUTRAL BUOYANCY SIMULATIONS
On the basis of the initial EVA attempts during the Gemini program, NASA began experimenting with neutral buoyancy simulation for EVA procedural development and training, and underwater simulator facilities quickly became the premier arena for EVA preparations. By using floats and lead weights, the effects of water on test subjects could be countered to closely simulate the weightlessness of space. The floats and weights compensate for water displaced by the subject's volume and density, making them "neutrally buoyant" -they neither sink nor float. However, unlike on the KC-135 flight described earlier, a suited subject in neutral buoyancy is not truly weightless. Although it is true that the suited subject and spacesuit combination is neutrally buoyant, the subjects feel their weight while in the suit. In addition, water drag acts to hinder motion. Despite these drawbacks, neutral buoyancy is still the best method currently available for long-duration EVA training.
THE NEUTRAL BUOYANCY LABORATORY
The NASA/Johnson Space Center's (JSC) NBL is a 202-foot long, 102-foot wide, 40-foot deep facility and holds 6.2 million gallons of water, as shown in Figure 19 . The Control Room, which can be seen in the right part of the figure, provides all necessary resources for EVA training sessions at the NBL. 
TEST OVERVIEW
The Hubble Space Telescope (HST) Project has used neutral buoyancy simulation since the 1980s to rehearse the EVAs associated with the deployment and scheduled servicing missions of the telescope. As part of preparations for the third servicing mission (SM3) scheduled for 1999 and 2000, the HST project conducted engineering development and crew training runs at the NBL from September 8 through September 25, 1998 (designated NBL 98.2). During the first day of engineering development tests (NBL 98.2-1), the SSL comparatively tested the EVA Roller Wrench with the ISS Ratchet Wrench when performing two tasks -the ability of the test subject to turn a bolt in a confined work site and the ability to control a high-inertia interface. More detail on the evaluations the SSL conducted can be found in Reference 8 and a complete report on the NBL 98.2 test can be found in Reference 9.
TEST SETUP
The test setup, shown in Figure 20 , consisted of a 24" wide by 36" high by 1/8" thick task board mounted to a test stand containing foot restraints. The distance from the bottom of the test stand to the top of the task board was 84".
The foot restraints were mounted perpendicular to the task board and pitched forward 15°. 
TASKS Task 1: Confined Work Site Range of Motion
A confined work site range-of-motion task was used to evaluate the ability of a suited subject to turn a doubleheight 7/16" hex bolt when the range of throw of the wrench was limited to 15° and 30°. Because the ISS Ratchet Wrench and the Roller Wrench have different handle neck sizes, the top sets of limit pegs were used for the ISS Ratchet Wrench and the bottom sets of limit pegs were used for the Roller Wrench. The test subject was requested to give a rating of either "acceptable" or "unacceptable" for both wrenches in each of the two ranges of motion. Figure 22 shows the confined work site task in greater detail. This task was done because during the HST First Servicing Mission (SM1), one of the crewmembers commented on how the struts at the Solar Array Carrier forward and aft latch work sites constrained his throw while using a ratcheting wrench. 10 The procedure for the task was as follows:
1. Set the ISS Ratchet Wrench in the loosen position with a 7/16" x 3" socket attached.
2. Place the handle of the wrench between the 15° limit pegs.
3. Turn the bolt five turns. The number of turns can be determined from the rod extending perpendicular from the bolt's body.
4. Place the handle of the wrench between the 30° limit pegs.
5. Turn the bolt five turns.
6. Repeat steps #2 -#5 with the Roller Wrench and the 7/16" socket. The goal of this task was to rotate a double-height 7/16" hex bolt (shown in the middle of Figure 23 ) that was connected to a 22:1 planetary gearhead and a 20-1/2" diameter, 1/2" thick copper plate in an attempt to simulate deployment of the Solar Array-III (SA-III), which has an inertia of approximately 286 slug-ft 2 . First, the subject was asked to rotate the bolt from 180° (wrench handle parallel to the floor and to the left) to 90° (wrench handle perpendicular to the floor and pointing toward the water surface) at approximately 5°/sec and to stop the interface at the 90° mark. This simulates the SA-III panel deployment. The task was repeated at one quarter the angular rate or approximately 1.2°/sec to simulate engagement of the SA-III at soft dock. The test subject was asked to comment on his ability to control inertia using both the ISS Ratchet Wrench and the Roller Wrench. This task was done to evaluate the need for a ratchet lockout feature for manual operation of high-inertia interfaces. During SM1 Solar Array-I (SA-I) Primary Deployment Mechanism (PDM) retraction, one of the crewmembers had limited control of the SA-I, apparently because he was using a ratcheting wrench to drive a high-inertia, low-friction interface. He commented that he would move the wrench 10° and the interface would move an additional 30° before friction caused it to stop. 9 In the event that there is a manual PDM retraction on SM3, an evaluation must be done to determine if a tool should be available that does not ratchet, thereby giving the crew member positive control of the array in both directions. Some people involved with the development of Solar Array-II think that a nonratcheting tool is the safest way of handling the PDM.
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The procedure for this task was as follows:
1. Set the ISS Ratchet Wrench in the tighten position with a socket attached and with the handle parallel with the floor and to the left (180° position).
2. Turn the bolt clockwise at 5°/sec. The rate can be determined using the movement of the rod extending perpendicular from the bolt's body against the dial attached behind the bolt.
3. Attempt to stop the bolt at the 90° mark (wrench handle perpendicular to the floor and pointing towards the water surface).
4. Repeat steps #1 -#3, turning the bolt at 1/4 the rate specified in step #2 (approximately 1.2°/sec).
5. Repeat steps #1 -#4 with the Roller Wrench.
RESULTS
The results below were condensed from real-time test notes, subject debriefings, review of the videotapes for each subject, and numerous still photographs. Figure  24 shows one such still photo of a test subject at the task board. Initially, the first test subject was not able to move the bolt with the ISS Ratchet Wrench in the 15° range, although later he did get it moving. The subject commented that there was a noticeable lack of range of throw in both the 15° and 30° ranges. The subject had no problem turning the bolt in either the 15° or 30° range with the Roller Wrench. He was able to get the bolt to turn using only one hand on the Roller Wrench in the 15° range and commented that it was a "really nice tool" 11 in the 30°r ange.
The second test subject had no problem turning the bolt with the Roller Wrench in both ranges. There was no problem turning the bolt in the 30° range with the ISS Ratchet, but it appeared as if he stuck a gloved finger inside the palm wheel to keep the wrench from wobbling. This action seemed to make the bolt turn easier in the 15° range as well.
Toward the end of the third test subject's evaluation, he commented that the bolt would not turn in either direction because it was stuck. This was the result of one of the utility divers overtorquing the bolt at the end of the second test subject's evaluation.
During the day's debrief, test subject 1 commented that the Roller Wrench is "awesome" for this type of taskone in which the work site has a limited range of motion. 12 In fact, when he was working on the HST mock-up for a different evaluation and attempting to turn the Diode Box Assembly connector stud bolts with the EVA Ratchet Wrench later in the test, he commented that that particular task might be a good one in which to use the Roller Wrench. Test subject 1 started with the wrench parallel to the floor with the handle to the left. He commented that it was easy to stop the 5°/sec rotation using the Roller Wrench, but that it was hard to judge the speed. The subject was unable to stop the rotation using the ISS Ratchet. Something eventually jammed during this task because the disc would not continue to turn clockwise. The second test subject was able to stop the rotation with the Roller Wrench but was unable to stop the rotation of the disc with the ISS Ratchet. Because the Roller Wrench appeared to slip, it was brought to the surface for inspection following test subject 2's evaluation.
The third test subject did not evaluate the task because he commented that he was not comfortable with the amount of torque he was applying without a response from the disc. The experiment operated as follows. The motor turned the 3-D roller mechanism in the free-spin direction for a little more than two and a half minutes and then, for one second, it reversed and applied 30 in-lbf of torque, reversed again, and continued to free-spin the mechanism. Backdrive and applied torque data were collected every two hours.
SPACE EXPERIMENT MODULE FLIGHT
The objective of the experiment was to see how the backdrive and applied torque changed over the seven-day mission. The experiment timeline is summarized in Table 2 .
Just as with every SEM module, our module had an integrated programmable control circuit board, or Module Electronics Unit (MEU), for data sampling and storage. The MEU processed the experiment timeline in Table 2 . The modules were powered by one 12-volt battery independent of the Shuttle's power supply. The SEM Carrier System provided structural support, power, experiment command, and data storage capabilities.
EXPERIMENT OPERATION
After integration into the GAS canister, the experiment was shipped to the Kennedy Space Center; arrived on August 31, 1998; and was installed on the (SPARTAN) 201 Flight Support Structure (SFSS).
Launch of STS-95 occurred on Thursday, October 29, 1998, at 2:19pm EST. Figure 27 shows the GAS canister inside which the 3-D Roller SEM was placed, which sat in Bay 10 of the Orbiter as part of the SPARTAN FSS. One of the end caps of the GAS canister appears inside the circle, and the rest of the canister goes back into the picture toward the aft end of the Cargo Bay. SEM-04 was activated at 6 hours, 25 minutes, and 40 seconds after launch (at 8:45pm EST). The timeline ran for 6 days, 6 hours, 45 minutes, and 5 seconds, which means that the experiment stopped running and data collection ceased on Thursday, November 5, 1998, at 3:30am EST. SEM-04 was deactivated on November 5 at 4:03pm EST (7 days, 1 hour, 43 minutes, and 50 seconds after launch). STS-95 landed on the 7th of November 1998 at 12:04 EST and the experiment was delivered back to the SSL on the 16th of December 1998. Table 3 summarizes the mission timeline. 
RESULTS
Initial analysis of the results show that the 3-D roller mechanism performed as expected. In pre-flight tests, it was observed that the rollers "wobbled" in the races, causing the backdrive torque to increase over time. The same trend was evident in the flight data. A more detailed investigation of the data is currently underway.
CONCLUSION
A complement to the existing NASA Ratchet Wrench has been developed and tested to verify a few advantages over existing EVA ratchet wrenches. The KC-135 tests have shown that an EVA Roller Wrench requires less mental workload when performing EVA-like tasks. The NBL evaluations verified its advantage in confined work sites because of its infinitely small range-of-motion, as well as its advantage of having the ability to apply torque in both directions for the manual control of high-inertia interfaces.
In the coming months, a series of tests will be run to further quantify the Roller Wrench's performance. In an attempt to prevent the wobble seen with the Shuttle experiment, the races have been made deeper. An ISSstyle Roller Wrench has been designed with these new grooves and it will be fabricated and tested to verify that it satisfies NASA's requirements for the 3/8"-drive ISS Ratchet Wrench, 13, 14 which are, among other things, at least 120 ft-lbf of torque and 666 cycles at 75 in-lbf. In addition, tests will be run in a thermal environment between -200°F and +250°F to verify operation of the Roller Wrench without lubricants.
Additional information on 3-D sprags and rollers and on the continuing development and testing of the EVA roller wrenches can be found at http://wrench.ssl.umd.edu/
